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Simple Summary: No predominant changes between R- vs. Ad-feed intake on leukocyte defense
against pathogens were observed in broiler breeder hens despite some differences in inflammatory
and respiratory burst responses. Overall, supplemental 25-OH-D3 had more pronounced effects on
the innate immunity of Ad-hens. In vitro studies confirmed the differential effects of 25-OH-D3 to
rescue immune functions altered by glucose and/or palmitic acid exposure.

Abstract: Past immunological studies in broilers focused on juveniles within the rapid pre-slaughter
growth period and may not reflect adult immune responses, particularly in breeders managed with
chronic feed restriction (R). The study aimed to assess innate immune cell functions in respect to R
vs. ad libitum (Ad) feed intake in breeder hens with and without dietary 25-hydroxycholecalciferol
(25-OH-D3) supplementation. Ad-feed intake consistently suppressed IL-1β secretion, respiratory
burst, and cell livability in peripheral heterophils and/or monocytes along the feeding trial from
the age of 51 to 68 weeks. Supplemental 25-OH-D3 repressed IL-1β secretion and respiratory burst
of both cells mostly in R-hens, but promoted monocyte phagocytosis, chemotaxis, and bacterial
killing activity in Ad-hens in accompany with relieved hyperglycemia, hyperlipidemia, and systemic
inflammation. Overnight cultures with leukocytes from R-hens confirmed the differential effects of
25-OH-D3 to rescue immune functions altered by glucose and/or palmitic acid exposure. Studies
with specific inhibitors further manifested the operative mechanisms via glucolipotoxicity in a cell
type- and function-dependent manner. The results concluded no predominant changes between R-
vs. Ad-feed intake on leukocyte defense against pathogens despite some differential differences, but
supplemental 25-OH-D3 exerts more pronounced effects in Ad-hens.

Keywords: broiler breeder hens; 25-hydroxycholecalciferol; innate immunity; glucolipotoxicity;
feed restriction

1. Introduction

Modern broilers can reach a market weight of ~2 kg within 35 days, half of the time
needed by their ancestors 50 years ago. Genetic selection expedited growth, but also re-
sulted in reproductive inefficacy, and increased susceptibility to sudden death syndrome,
fatty liver syndrome, and obesity-related morbidities such as cardiomyopathy [1–4]. Feed
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restriction is typically used to achieve target bodyweight gain in broiler breeders and
improve reproductive performance and livability by limiting obesity and related dysfunc-
tions [1–4].

Several studies found that immunological response was also a trade-off for rapid
growth selection [5–8]. Genetic selection for improved growth performance has resulted in
a decline of adaptive immune responses co-incident with an increase in cellular immunity
and inflammatory responses [8]. To date, most of the immunological studies in growth
selected lines of chickens were performed in juvenile birds during the 6 weeks prior
to slaughter when massive lean tissue gain occurs. However, the effect of chronic feed
restriction on the ability to develop optimal immunity in response to vaccination or against
pathogen infection in breeder chickens is sparsely studied.

Increased fat mass in obese patients can induce metabolic dysregulation. It has also
been recognized that obesity development is tightly associated with inflammatory status,
particularly in the adipose tissue [9,10]. The abnormal provocation of factors of innate and
adaptive immune system by inflammation acts as a strong inducer in the development
of type 2 diabetes mellitus (T2DM) [9,11]. Our previous studies showed many metabolic
commonalties existing between obese (T2DM) and broiler breeder hens consuming feed
to appetite. Indeed, we have shown that prolonged Ad-feed intake by broiler breeder
hens causes rapid fat deposition and produces lipotoxicity and an inflammatory response
arising from lipid dysregulation and associated changes in gene expression and signaling
that results in impaired functions in ovarian follicles, circulating leukocytes, heart, and
pancreatic β-cells [3,4,12–15].

Innate immunity functions as the frontline defense against pathogen invasions; more-
over, it also directs cellular and humoral responses to eliminate pathogens. Neutrophils
and macrophages are key cells in the innate immune response against invading pathogens.
Both types of cells function to clear pathogens through their phagocytic capacity and
generation of oxidants that kill engulfed microorganisms [12]. The clearance of pathogens
and apoptotic cells by phagocytic cells plays an important role in resolving inflammatory
responses, and impairments of these processes often result in a chronic inflammatory
state [16,17].

In a variety of models, vitamin D and its receptor signaling play an anti-obesity and
–inflammatory role in the development of T2DM and cardiac pathogenesis [18,19]. Vita-
min D was shown to be a pivotal component of the monocyte/macrophage response to
infection [20,21], inducing their antimicrobial activity. Vitamin D3 (VD3) supplementation
not only reversed VD3 deficiency–induced inflammatory responses but also alleviated
immunological inflammation caused by LPS (lipopolysaccharide) in table-egg type laying
hens [22,23]. We found that dietary 25-hydroxycholecalciferol (25-OH-D3) supplementa-
tion improved cardiac health and rescued the livability in the breeder hens partially by
ameliorating systemic and cardiac inflammation and fibrotic progression [24–27]. The
purpose of the present studies was to assess the innate immune functions of breeder hens
consuming feed to appetite (Ad) and hens fed to achieve target bodyweight by commercial
feed restriction recommendations (R) as we found no literature on the topic. Besides,
whether the beneficial effects of dietary 25-OH-D3 supplementation extended to innate
immunological responses was evaluated in both R- and Ad-hens. In vitro studies with
isolated heterophils and monocytes in combination with pharmacological inhibition in
glucose and fatty acid metabolism were used to delineate the mechanisms of 25-OH-D3 on
innate immune functions.

2. Materials and Methods
2.1. Animal Management

A flock of broiler breeder hens (Arbor Acres Plus FF) at age 23 weeks were purchased
from a local breeder farm. Hens were caged individually and fed a standard soy and
corn-based breeder layer mash (11.6 MJ/kg metabolizable energy; 16% crude protein) with
weekly adjustment of feed allocation to achieve the targeted bodyweight as per recommen-
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dations [3,4]. The study was designed as a 2 × 2 Latin Square. At the age of 51 weeks,
48 birds were continued with restricted rations (R-hens, 150–160 g feed/day/hen) as rec-
ommended, while another group of 48 birds were allowed sufficient feed for consumption
to appetite (Ad-hens) until 68 weeks of age. Within each feeding level (Ad or R), half
of the hens (n = 24) were provided with the standard breeder diet supplemented with
an additional 69 µg 25-OH-D3/kg feed (2760 IU/kg feed equivalent, DSM Nutritional
Products Ltd., The Netherlands). All birds were maintained at ambient temperatures and
humidities of 25–28 ◦C and 60–75%, respectively. Birds were provided with free access to
water throughout the experiment. Feed was placed at 08:30 a.m. in conjunction with a
14L:10D (lights on at 05:00 a.m.) photoschedule. All bird husbandry and tissue collections
were conducted in accordance with an approved animal care protocol of the National
Chung Hsing University, Taiwan (IACUC Permit No. 102–113). Egg production and feed
intake were recorded daily, and body weight was recorded each week.

2.2. Determination of Plasma Glucose, Triacylglycerol, NEFA, Insulin, and IL-1β Concentrations

Overnight fasting blood samples were collected from 6 randomly selected hens in
each treatment group, consisting of hens at 58 and 65 weeks of age from a wing vein. On
those same days, a second blood sample was collected 30 min after re-feeding 20 g of feed.
Commercial kits were used to determine plasma triacylglycerol (TG, Sigma-Aldrich, St.
Louis, MO, USA), glucose and NEFA (non-esterified fatty acid, Wako Chemicals, Osaka,
Japan) levels. Plasma insulin and interleukin-1β (IL-1β) concentrations were determined by
a validated commercial ELISA kit (Cat.# 10-1249-01, Uppsala, Sweden, KMC006; Biosource
International, Camarillo, CA, USA, respectively) [28,29].

2.3. Isolation of Peripheral Leukocytes

Hens in the Ad-group that were 59–60 weeks old had consumed unrestricted amounts
of feed for 8–9 weeks. In that same Ad-group, hens that were 66–68 weeks old had
consumed unrestricted amounts of feed for 15–17 weeks. At each age, venous blood from
two randomly selected hens was pooled for leukocyte isolation and functional analysis
of freshly prepared cells. A total of six independent preparations were prepared for each
diet group. For mechanistic studies, peripheral blood leukocytes were isolated from 61
to 65-week-old hens and used for overnight cultures with various treatments. In those
mechanistic studies, blood from four hens was pooled prior to monocyte and heterophil
isolation by discontinuous gradient centrifugation using commercial Histopaque® 1077
and 1119, respectively (Sigma-Aldrich, St. Louis, MO, USA) [12,30,31]. A total of four
independent preparations were analyzed for mechanistic studies.

2.4. Cell Cultures

Isolated heterophils (equivalent to neutrophils in mammals) or monocytes were cul-
tured in RPMI-1640 medium (containing 10% fetal bovine serum, 50 units/mL penicillin G
sodium and streptomycin, pH 7.4) at 37 ◦C, 5% CO2, 95% humidity for 3 h. Cells were then
treated with 25-OH-D3 (dissolved in anhydrous ethanol, Sigma-Aldrich, St. Louis, MO,
USA), glucose (in distilled water, Sigma-Aldrich, St. Louis, MO, USA), and/or palmitic
acid (PA, Sigma-Aldrich, St. Louis, MO, USA) at the indicated concentrations within the
physiological conditions for overnight [3,4,13,32]. Palmitic acid was supplemented as
a complex with 5% fatty acid-free BSA (8:1, M:M) (Research Organics, Cleveland, OH,
USA) [33,34]. Fatty acid free BSA-supplemented media was used as a control.

To ascertain the mechanisms of glucolipotoxicity, cells were pre-treated with an in-
dividual inhibitor of key steps in the metabolic processes identified for glucolipotoxicity.
The inhibitory compounds (Sigma-Aldrich, St. Louis, MO, USA) were fumoninsin B1
(FB1), a ceramide synthase inhibitor in ceramide and sphingomyelin synthesis pathway;
n-(2-mercaptopropionyl)-glycine (nMPG), a scavenger of reactive oxygen species (ROS);
Desipramine (DPS), a functional inhibitor of acid sphingomyelinase that blocks sphin-
gomyelin breakdown into ceramide; and Triacsin-C (TC), a pharmacologic inhibitor of
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long chain fatty acyl-CoA synthetase that blocks fatty acid activation and downstream
metabolism. Inhibitor concentrations and exposure times varied for FB1: final concentra-
tion 25 µM for 1 h; nMPG, final concentration 0.3 mM for 30 min; DPS, final concentration
10 µM, for 2 h; and TC, final concentration 5 µM for 2 h. Fumoninsin B1, n-MPG, and DPS
were dissolved in distilled water and TC was dissolved in DMSO (dimethyl sulfoxide).
Compounds were added to the medium in a 1:1000 ratio (vol/vol). Following pre-treatment,
medium was replaced with treatment media comprised of basal medium in the presence
or absence of glucose or PA, or both at the indicated levels and the presence or absence
of 25-OH-D3 for overnight (16 h) incubation. Media and cells were collected following
incubation for further analyses.

2.5. Respiratory Burst and Phagocytosis Analysis

Collected cells were incubated with 1 mL of freshly made luminol (4 × 10−4 M in
HBSS containing 0.05 M Na2CO3 and 1.5 mM CuSO4) in the presence of phorbol 12-
myristate 13-acetate (PMA; final concentration 5 ng/mL; Sigma-Aldrich, St. Louis, MO,
USA) stimulation. Generation of oxidative radicals was measured with luminol-dependent
chemiluminescence by a Triathler luminometer (Hidex, Turku, Finland) [12,31,35]. Cel-
lular phagocytic activity was measured by a zymosan-dependent method as described
previously [12,31].

2.6. Cell Chemotaxis Analysis

Chemotaxis were analyzed by cell migration across the membrane according to the
trans-well procedures developed previously with some modifications [31]. A total of 600 µL
Roswell Park Memorial Institute (RPMI)-1640 medium containing 10% BSA was loaded
in a 24-well plate. Approximately 150 µL RPMI-1640 medium treated cells (2 × 105) were
loaded into the cell culture inserts (5 µm, Millipore, Billerica, MA, USA). The inserts were
put on the 24-well plate and incubated at 37 ◦C for 1 h. Unmigrated cells were removed
by wiping the top surface of the membrane. The migrated cells present on the bottom
surface of the membrane were fixed with methanol for 30 min, stained by Coomassie blue
R250 (0.5% in 50% ethanol) for 30 min and destained in 10% acetic acid. After drying, the
membrane was mounted onto a slide and migrated cells were counted (5 random fields per
slide) in 400× fields. The number of migrated cells was enumerated by light microscopy.

2.7. Bacterial Killing Analysis

Bacterial killing activity was evaluated using a chicken nalidixic acid-resistant strain
of virulent Salmonella typhimurium (ST, clone number #15721) [36]. In brief, ST was prepared
by propagation in Luria Bertani (LB) broth (Acumedia, Lansing, MI, USA) at 37 ◦C for
12 h and an aliquot of broth was used for viable bacterial count using the LB agar plate.
Freshly isolated peripheral heterophils or monocytes and opsonized ST were seeded in
a well of microplate at 1:2 ratio (5 × 105 cells: 1 × 106 colony forming units, CFUs of ST)
in duplicates. The plates were centrifuged (500× g, 5 min, 4 ◦C) and incubated at 41 ◦C
with 5% CO2 for 45 min. After centrifugation and (1000× g, 5 min, 4 ◦C) and removal of
the supernatants, cells were then lysed for 3 min after adding 100 µL of deionized water
into the wells. After lysis, 10 µL of WST-8 (supplied in Cell Counting Kit-8, Sigma-Aldrich,
St. Louis, MO, USA) were added to the wells for color development as instructed by the
supplier. Optical density was read at 450 nm using a microtiter plate spectrophotometer.
The method relies on the proportionality between viable bacteria conversion of WSTR-8
into water-soluble formazan dye. Wells seeded with opsonized ST only served as a positive
control. The Cell Counting Kit-8 assay was validated by counting colony forming units
from control and test wells, as described above. The killing activity was calculated as per
the following formula;

%killing = (OD cell + OD bacterial − OD sample)/(OD cell + OD bacterial) × 100 (1)
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2.8. Cell Viability and Livability Analysis

Cells harvested after overnight cultures were used for viability analysis by Fluorescein
(FITC)-Annexin-V/propidium iodide (PI) staining and cytometry sorting as described
previously [13]. Results of early (defined as FITC-annexin V-positive and PI-negative), late
(FITC-annexin V- and PI-positive) stage apoptosis, and necrosis (FITC-annexin V-negative
and PI-positive staining) were pooled to calculate total cell death and viability. Freshly
prepared leukocytes suspended in RPMI-1640 medium containing 10% BSA for 1 h were
used for livability analysis based on the same FITC-Annexin-V/PI staining method.

2.9. Western Blot Analysis

Collected media were concentrated (approximately 20×) using a centrifugal concen-
trator with a molecular weight cut-off of 3 kDa (Millpore Merck, Darmstadt, German).
Aliquots of collected cells and concentrated medium were used for total protein extraction
using RIPA buffer and then for Western blot analysis, as described previously [12,14].
A rabbit anti-chicken IL-1β primary antibody (Abcam, Cambridge, UK) and antibodies
cross-reactive to chicken antigens, including rabbit anti-VDR (vitamin D receptor, Cat.#
GR37-100UGCN, Merck Billerica, MA, USA), anti-p65 (a subunit of NFκB, nuclear factor
kappa B, Cat.# 8242), and β-actin (Cat.# 4967, Cell Signaling Technology, Beverly, MA, USA),
and a horseradish peroxidase-conjugated secondary antibody (Cell Signaling Technology,
Beverly, MA, USA) were used in Western blot study.

2.10. Statistics

Data from functional analyses with freshly prepared cells were analyzed by two-way
ANOVA, in which feed intake (Ad or R) and 25-OH-D3 treatment were the classifying
variables. Differences between group means were tested using Bonferroni corrected t-test
when the main effect was significant. If an interaction between feed intake and 25-OH-D3
treatment was found, a mean comparison was performed. Data from mechanistic studies
were analyzed using one-way ANOVA by Tukey multiple comparison test or t-test. Results
were expressed as means ± SE. Mean differences were considered significant at p < 0.05.
All statistical procedures were carried out using SPSS (Chicago, IL, USA) for Windows 13.0.

3. Results
3.1. Body Weight, Feed Intake, Plasma Glucose, Triglyceride, NEFA, Insulin, and IL-1β Levels

Regardless of 25-OH-D3 supplementation, Ad-feed intake showed an initial burst
of feed consumption in the first week from the prescribed 157 to 196 g/day/hen. Feed
intake then declined gradually to reach a nadir at 62 weeks (132 g/day/hen), and thereafter
increased slowly to 153 g/day/hen at 68 weeks (Supplementary Figure S1A). The BW of
Ad-hens increased sharply to reach 4.6 kg/hen at age of 60 weeks, declined slightly to
63–64 weeks, and subsequently, increased to reach 4.6–4.7 kg/hen at 68 weeks (Supple-
mentary Figure S1B). This pattern of feed intake and BW gain was in marked contrast to
a slow increase of BW from ~3.6 kg at 51 weeks to ~3.95 kg at 68 weeks with the breeder
prescribed feed allotments.

Ad-feed intake provoked obesity-associated metabolic dysregulations including in-
creased fasting plasma glucose levels and 30 min re-fed plasma glucose concentrations at
65 weeks. Increases in circulating insulin, TG, and NEFA concentrations were observed in
Ad-hens at both 58 and 65 weeks (p < 0.05, Figure 1A–D). Dietary 25-OH-D3 supplemen-
tation suppressed plasma glucose, insulin and NEFA levels of Ad-hens at 65 weeks but
did not affect concentrations in R-hens. Ad-feed intake also provoked chronic systemic
inflammation as shown by increased plasma IL-1β concentrations at 58 and 65 weeks. Sup-
plemental 25-OH-D3 significantly suppressed plasma IL-1β levels in both R- and Ad-hens
at 65 weeks (p < 0.05, Figure 1E). A significant interaction between Ad and 25-OH-D3
treatments was found for plasma glucose, NEFA, and IL-1β level at 65 weeks (p < 0.05,
Figure 1A–D) as 25-OH-D3 decreased values more in Ad-hens than in R-hens.



Animals 2021, 11, 1742 6 of 18

Animals 2021, 11, x  6 of 18 
 

increase of BW from ~3.6 kg at 51 weeks to ~3.95 kg at 68 weeks with the breeder pre-
scribed feed allotments. 

Ad-feed intake provoked obesity-associated metabolic dysregulations including in-
creased fasting plasma glucose levels and 30 min re-fed plasma glucose concentrations at 
65 weeks. Increases in circulating insulin, TG, and NEFA concentrations were observed in 
Ad-hens at both 58 and 65 weeks (p < 0.05, Figure 1A–D). Dietary 25-OH-D3 supplemen-
tation suppressed plasma glucose, insulin and NEFA levels of Ad-hens at 65 weeks but 
did not affect concentrations in R-hens. Ad-feed intake also provoked chronic systemic 
inflammation as shown by increased plasma IL-1β concentrations at 58 and 65 weeks. 
Supplemental 25-OH-D3 significantly suppressed plasma IL-1β levels in both R- and Ad-
hens at 65 weeks (p < 0.05, Figure 1E). A significant interaction between Ad and 25-OH-
D3 treatments was found for plasma glucose, NEFA, and IL-1β level at 65 weeks (p < 0.05, 
Figure 1A–D) as 25-OH-D3 decreased values more in Ad-hens than in R-hens. 

 
Figure 1. Plasma glucose, insulin, TG, NEFA, and IL-1β concentrations of broiler breeder hens pro-
vided with restricted (R) or ad libitum (Ad) feed intake. At age of 58 and 65 weeks (wks), 6 hens 
from each group were randomly selected for blood collection for plasma glucose, insulin, triacyl-
glycerol (TG), non-esterified fatty acid (NEFA), and interleukin-1β (IL-1β) analysis (A–E, respec-
tively, n = 6). #; significant difference by Ad-feed intake (vs. corresponding R hens, p < 0.05), *; sig-
nificant difference by 25-OH-D3 (vs. R- or Ad-hens, p < 0.05). 25-OH-D3: 25-hydroxycholecalciferol. 

3.2. IL-1β Secretion, Phagocytosis, and Respiratory Burst of Fresh Leukocytes 
In contrast to R-hens, freshly isolated heterophils at 67–68 weeks and monocytes at 

both 59–60 and 67–68 weeks from Ad-hens had lower IL-1β secretion (p < 0.05, Figure 2A). 
Supplemental 25-OH-D3 suppressed heterophil IL-1β secretion in both R- and Ad-hens at 
59–60 weeks and in Ad- and R-hen monocytes at 59–60 and 67–68 weeks, respectively, but 
increased heterophil IL-1β secretion in Ad-hens at 67–68 weeks. Ad-hen monocytes had a 
lower phagocytic activity at 67–68 weeks and supplemental 25-OH-D3 increased the phag-
ocytosis of Ad-hen heterophils and monocytes at 67–68 weeks and at 59–60 weeks, respec-
tively (p < 0.05, Figure 2B). Ad-feed intake also significantly suppressed respiratory burst 
response in both types of leukocytes at 59–60 and 67–68 weeks (p < 0.05), which 25-OH-D3 
did not alter in Ad-hens. This same variable was significantly decreased in R-hen hetero-
phils and monocytes at 59–60 and/or 67–68 weeks (p < 0.05, Figure 2C) with 25-OH-D3 

supplementation. A significant interaction between Ad×25-OH-D3 treatments was ob-
served in IL-1β secretion and phagocytosis of both cell types at 59–60 and/or 67–68 weeks, 
and in the respiratory burst response of heterophils at 59–60 and 67–68 weeks (p < 0.05, 
Figure 2A–C). 

Figure 1. Plasma glucose, insulin, TG, NEFA, and IL-1β concentrations of broiler breeder hens provided with restricted
(R) or ad libitum (Ad) feed intake. At age of 58 and 65 weeks (wks), 6 hens from each group were randomly selected
for blood collection for plasma glucose, insulin, triacylglycerol (TG), non-esterified fatty acid (NEFA), and interleukin-1β
(IL-1β) analysis (A–E, respectively, n = 6). #; significant difference by Ad-feed intake (vs. corresponding R hens, p < 0.05), *;
significant difference by 25-OH-D3 (vs. R- or Ad-hens, p < 0.05). 25-OH-D3: 25-hydroxycholecalciferol.

3.2. IL-1β Secretion, Phagocytosis, and Respiratory Burst of Fresh Leukocytes

In contrast to R-hens, freshly isolated heterophils at 67–68 weeks and monocytes at
both 59–60 and 67–68 weeks from Ad-hens had lower IL-1β secretion (p < 0.05, Figure 2A).
Supplemental 25-OH-D3 suppressed heterophil IL-1β secretion in both R- and Ad-hens
at 59–60 weeks and in Ad- and R-hen monocytes at 59–60 and 67–68 weeks, respectively,
but increased heterophil IL-1β secretion in Ad-hens at 67–68 weeks. Ad-hen monocytes
had a lower phagocytic activity at 67–68 weeks and supplemental 25-OH-D3 increased the
phagocytosis of Ad-hen heterophils and monocytes at 67–68 weeks and at 59–60 weeks,
respectively (p < 0.05, Figure 2B). Ad-feed intake also significantly suppressed respiratory
burst response in both types of leukocytes at 59–60 and 67–68 weeks (p < 0.05), which
25-OH-D3 did not alter in Ad-hens. This same variable was significantly decreased in
R-hen heterophils and monocytes at 59–60 and/or 67–68 weeks (p < 0.05, Figure 2C) with
25-OH-D3 supplementation. A significant interaction between Ad×25-OH-D3 treatments
was observed in IL-1β secretion and phagocytosis of both cell types at 59–60 and/or
67–68 weeks, and in the respiratory burst response of heterophils at 59–60 and 67–68 weeks
(p < 0.05, Figure 2A–C).
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Figure 2. Effects of dietary supplementation of 25-OH-D3 on IL-1β secretion, phagocytosis, and the respiratory burst
of leukocytes in broiler breeder hens provided with restricted (R) or ad libitum (Ad) feed intake. Peripheral leukocytes
(2 × 106 cells) isolated from hens at age 59–60 and 67–68 weeks (wks) were cultured for 3 h and medium were then collected
for interleukin-1β (IL-1β) analysis (A) by Western blot method based on equivalent amounts of protein (n = 6). Freshly
prepared cells were used for phagocytosis analysis (B) and respiratory burst analysis (C) (n = 6). Chemiluminescence results
of respiratory burst analysis were expressed as integrated counts over 45 min. Results of Western blots were expressed
as rations relative to R-hens. *; significant difference by 25-OH-D3, p < 0.05, #; significant difference by Ad-feed intake.
25-OH-D3; 25-hydroxycholecalciferol.

3.3. Chemotaxis and Bacterial Killing of Fresh Leukocytes

Ad-feed intake exerted no significant effects on chemotaxis and bactericidal activ-
ity in either type of leukocytes. However, supplemental 25-OH-D3 increased monocyte
chemotaxis in both Ad- and R-hens, as well as bactericidal activity in Ad-hens (p < 0.05,
Figure 3A,B). Viability of both types of leukocytes was decreased in Ad-hens compared
to those of R-hens. Early apoptosis accounted for most of the heterophil death in both R-
and Ad-hens, whereas late apoptosis contributed most of the death in monocytes (p < 0.05,
Figure 3C). Supplemental 25-OH-D3 had no effects on the viability of either cell type.
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Cell viability was defined as the percentage of total cells present that were viable in a cell death analysis with FITC-
Annexin-V/propidium iodide (PI) staining and cytometry sorting. Results of bacterial killing were expressed as ratios
relative to R-hens. *; significant difference by 25-OH-D3, p < 0.05, #; significant difference by Ad-feed intake. 25-OH-D3;
25-hydroxycholecalciferol.

3.4. VDR Protein Amounts and NFκB Activation of Fresh Leukocytes

Ad-feed intake exerted no significant effects on VDR expression and p65 activation in
both types of cells and supplemental 25-OH-D3 upregulated heterophil and monocyte VDR
expression in both R- and Ad-hens, but suppressed heterophil p65 translocation (p < 0.05,
Figure 4A–C). The results confirmed the inhibitory action of supplemental 25-OH-D3 on
NFκB signaling in the animal model.
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broiler breeder hens provided with restricted (R) or ad libitum (Ad) feed intake. Freshly prepared cells from hens at the
age of 66 weeks were used for total protein extraction for vitamin D receptor (VDR) expression (A) and nuclear extracts
were used for p65 (a subunit of nuclear factor kappa B, NFκB) translocation (B) through Western blot method. Results were
normalized to β-actin or H2AX and expressed as ratios relative to R-hens (n = 6). *; significant difference by 25-OH-D3,
p < 0.05, #; significant difference by Ad-feed intake. 25-OH-D3; 25-hydroxycholecalciferol.



Animals 2021, 11, 1742 9 of 18

3.5. Effects of 25-OH-D3 on IL-1β Secretion of Leukocytes

In order to delineate the effects of 25-OH-D3 on innate immune functions of R- or
Ad-fed hens, isolated leukocytes from R-hens were used for overnight culture studies.
Treatment with 25-OH-D3 increased IL-1β secretion in heterophils in a dose-dependent
manner, but decreased IL-1β secretion in monocytes (p < 0.05, Figure 5A). 25-OH-D3
differentially promoted phagocytosis and respiratory burst response in both types of
leukocytes (p < 0.05, Figure 5B,C). Based on these results, the dose for 25-OH-D3 was
optimized at 50 nM for the following studies.
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Figure 5. Effects of 25-OH-D3 on leukocyte functions. Peripheral heterophils and monocytes
(2 × 106 cells) isolated from R-hens at age 61–65 weeks were treated with various levels of 25-
hydroxycholecalciferol (25-OH-D3) overnight (16 h). Media were collected for interleukin-1β (IL-1β)
analysis by Western blot method based on protein equivalency (A); cells were collected for phagocy-
tosis (B) and respiratory burst analysis (C) (n = 4). Chemiluminescence results of respiratory burst
analysis were expressed as integrated counts over 45 min. Results of Western blots were expressed as
ratios relative to control (0 nM of 25-OH-D3). Means with different letters differ significantly (p < 0.05).

3.6. Effects of Glucose and Fatty Acid on Leukocyte Functions

Treatment with glucose suppressed IL-1β secretion, phagocytosis, and respiratory burst
response in both types of leukocytes in a dose-dependent manner (p < 0.05, Figure 6A–C).
Since the glucose treatment at 300 mg/dL completely blocked the respiratory burst response
in heterophils, and glucose at 100 mg/dL failed to affect IL-1β secretion, the dose for
glucose effects in the mechanistic studies was optimized at 200 mg/dL. A dose-dependent
suppression of IL-1β secretion and phagocytic activity by PA treatment was also observed
in both cell types (p < 0.05, Figure 6D,E). Interestingly, PA treatment suppressed heterophil
respiratory burst in a dose-dependent fashion, but increased the response in monocytes
(p < 0.05, Figure 6F). The dose for PA effects on following studies was optimized at 1.5 mM.
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Figure 6. Effects of glucose and palmitic acid on leukocyte functions. Peripheral heterophils and
monocytes (2 × 106 cells) isolated from R-hens at age 61–65 weeks were treated with various levels of
glucose or palmitic acid (PA) overnight (16 h). Media were collected for interleukin-1β (IL-1β) analysis
by Western blot method based on equivalent amounts of protein (A,D) and collected cells were used
for phagocytosis analysis (B,E) and respiratory burst analysis (C,F) (n = 4). Chemiluminescence
results of respiratory burst analysis were expressed as count per second (CPM) over 45 min. Results
of Western blots were expressed as rations relative to control (no glucose or PA supplementation).
Means with different letters differ significantly (p < 0.05).

3.7. Effects of 25-OH-D3 on Leukocyte Functions during Glucolipotoxicity

Treatment of glucose or PA alone impaired IL-1β secretion in both heterophils and
monocytes (p < 0.05) and combination of glucose and PA did not exacerbate the impairment
(Figure 7A). It was shown that 25-OH-D3 had no effects on IL-1β secretion impaired by
glucose, PA alone, or by their combination in either cell type. In the presence of 25-OH-D3,
but not its absence, PA treatment further reduced IL-1β secretion caused by monocyte
treatment with glucose (p < 0.05, Figure 7A). Combination of glucose and PA exacerbated
phagocytic activity impaired by glucose or PA alone in both types of leukocytes and
treatment of 25-OH-D3 rescued phagocytosis impaired by glucose and PA combination
(p < 0.05, Figure 7B). In heterophils, glucose or PA alone impaired respiratory burst, while
the addition of PA to the glucose treatment rescued the response impaired by glucose
(p < 0.05, Figure 7C). In fact, 25-OH-D3 completely reversed heterophil respiratory burst
suppressed by PA but not that caused by glucose alone or the glucose + PA treatment.
Further, PA treatment promoted heterophil respiratory burst in the presence of glucose
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and 25-OH-D3 (p < 0.05, Figure 7C). In monocytes, glucose treatment impaired, but PA
promoted respiratory burst response. Treatment with the combination of glucose and PA
completely reversed the response impaired by glucose (p < 0.05, Figure 7C). Treatment
with 25-OH-D3 significantly rescued the monocyte respiratory burst suppressed by glucose
alone, but had no effects in the presence of PA. Interestingly, PA treatment significantly
increased respiratory burst in both the glucose alone and glucose + 25-OH-D3 treatments
(p < 0.05, Figure 7C).
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Figure 7. Effects of 25-OH-D3 on leukocyte functions challenged with glucose and/or palmitic
acid. Peripheral heterophils and monocytes (2 × 106 cells) isolated from R-hens at age 61–65 weeks
were treated with vehicle, 25-hydroxycholecalciferol (25-OH-D3, 50 nM), palmitic acid (PA, 1.5 mM),
and/or glucose (200 mg/dL) overnight (16 h). Media were collected for interleukin-1β (IL-1β)
analysis (A) based on the equivalent amounts of protein and cells used for phagocytosis (B) and
respiratory burst analysis (C) (n = 4). Chemiluminescence results of respiratory burst analysis were
expressed as integrated counts over 45 min. Results of Western blots were expressed as rations
relative to control (no PA, glucose and 25-OH-D3 supplementation). *, significant difference vs.
corresponding control (p < 0.05). + or − indicates with or without PA, glucose, or 25-OH-D3.
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3.8. Mechanisms of Gluco/Lipotoxicity on Leukocyte Functions

In both types of cells, treatment with TC, a pharmacologic inhibitor of long chain
fatty acyl-CoA synthetase that blocks fatty acid activation and downstream metabolism,
FB1, the ceramide synthase inhibitor within the ceramide and sphingomyelin synthesis
pathway, DPS, a functional inhibitor of acid sphingomyelinase that blocks sphingomyelin
breakdown into ceramide, and nMPG that acts as a ROS scavenger, differentially rescued
IL-1β secretion suppressed by PA or glucose (p < 0.05, Figure 8A). TC treatment exacerbated
PA mediated suppression of phagocytosis in heterophils but not in monocytes, whereas
FB1 partially rescued phagocytosis in both types of cells (p < 0.05, Figure 8B). Treatment
with nMPG relieved phagocytosis impairment by PA or glucose in both types of leukocytes
(p < 0.05, Figure 8B). In heterophils, DPS partially relieved respiratory burst suppressed by
PA, whereas nMPG exacerbated PA or glucose mediated impairments (p < 0.05, Figure 8C).
Treatment with TC or DPS reversed the PA-mediated increase in monocyte respiratory
burst, while FB1 potentiated the increase by PA (p < 0.05, Figure 8C). nMPG significantly
suppressed the promotion of respiratory burst by PA in monocytes to a level even lower
than the control, and further exacerbated the suppression of respiratory burst by glucose
(p < 0.05, Figure 8C).
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Figure 8. Mechanisms of glucolipotoxicity of leukocyte functions. Peripheral leukocytes (2 × 106 cells)
from R-hens at age 61–65 weeks were pre-treated with TC (Triacsin C, 5 µM), FB1 (fumonisin B1,
25 µM), DPS (Desipramine, 10 µM), or nMPG (N-mercaptopropionyl-glycine, 0.3 mM). After being
replaced with the medium, cells were treated with the vehicle, palmitic acid (PA, 1.5 mM), or glucose
(200 mg/dL) overnight (16 h). Media were collected for interleukin-1β (IL-1β) analysis (A) by Western
blot method based on equivalent amounts of protein and collected cells used for phagocytosis (B)
and respiratory burst analysis (C) (n = 4). Chemiluminescence results of respiratory burst analysis
were expressed as integrated counts over 45 min. Results of Western blots were expressed as rations
relative to control (Ctl). *; significant difference vs. corresponding control (vehicle), p < 0.05, #;
significant difference vs. vehicle, p < 0.05.
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3.9. Effects of 25-OH-D3 on Leukocyte Viability Following Glucose or Palmitic Acid Challenge

In both types of leukocytes, treatment of glucose or PA suppressed cell viability in a
dose-dependent manner and 25-OH-D3 partially rescued cell survival (p < 0.05, Figure 9A,B).
However, 25-OH-D3 alone had no significant effects on cell viability in either cell type.
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Figure 9. Effects of 25-OH-D3 on glucose or palmitic acid challenged leukocyte survival. Peripheral
leukocytes (1 × 106 cells) isolated from R-hens at age 61–65 weeks were cultured with indicated levels
of glucose or palmitic acid (PA) in the presence or absence of 25-hydroxycholecalciferol (25-OH-D3,
50 nM) overnight (16 h). Collected cell were used for cell death analysis (n = 4). Means with different
letters differ significantly among different levels of glucose or PA (p < 0.05). Means with different
letters differ significantly (p < 0.05). *, significant difference vs. corresponding control (p < 0.05).
Means with different letters differ significantly (p < 0.05). + or − indicates with or without PA, glucose,
or 25-OH-D3. Figure 9 is for cell death analysis, (A,B) mean different cell types, (A) heterophils,
(B) mpnocytes.

4. Discussion

Very few studies have examined immune responses of broiler breeder hens, par-
ticularly with a view to compare hens reared with a restricted feeding regimen com-
pared to those provided with unlimited access to feed. Consistent with our previous
reports [14,24–26], Ad-feed intake provoked obesity-associated metabolic derangements
including hyperglycemia, hyperlipidemia, and systemic inflammation. In humans and
mice, the development of obesity and T2DM was suggested to associate with several
defects in the innate immune responses, including decreased chemotaxis, phagocytosis and
antimicrobial mechanisms in leukocytes [37,38]. Mice with T2DM were more susceptible
to subcutaneous infection with B. pseudomallei and the increased severity of infection was
associated with a higher expression of proinflammatory cytokines in paralleled with a
rapid drop of blood glucose levels, as is frequently observed in sepsis. A failure of early
immune responses to limit dissemination of infection and septic progression with fatal out-
come in diabetic mice was primarily attributed to decreased phagocytic and antimicrobial
activities in macrophages independent of neutrophil and dendritic cell functionality [38].
Ad-hens showed significantly diminished innate immune responses including impaired IL-
1β secretion, respiratory burst, and cell viability in peripheral heterophils and monocytes.
These results, particularly in heterophils, were confirmed by our previous studies using
the same strain of breeder hens at younger ages (26–35 weeks) under Ad-feed intake for
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3–8 weeks [12]. Interestingly, however, the present in vitro studies of immune cells isolated
from Ad-hens showed no pronounced differences in chemotaxis, bacterial killing, and
phagocytic activity compared to those isolated from R-hens. Accordingly, we concluded
that only modest changes occurred in Ad-hen leukocyte defense against pathogens despite
some differential differences in inflammation and respiratory burst responses. This is the
first report to address the innate immune defense of broiler breeder hens managed with
chronic feed restriction in comparison to hens allowed to consume feed to appetite. In a
longitudinal study from age of 20 to 60 weeks, infectious causes by bacteria accounted for
over 50% of the mortality in a broiler breeder flock [39]. While incompletely described,
the commercially reared flocks studied would be expected to be managed with restrictive
feeding. In vivo studies, therefore, are required to validate the response of innate immune
system against infection of pathogens.

Excess of glucose and saturated fatty acids provoke a variety of cellular dysfunctions
including cell death, ER (endoplasmic reticulum) stress, autophagy, insulin signaling,
and inflammation, namely, glucolipotoxicity [40–42]. Type 2 diabetes is characterized
by hyperglycemia, dyslipidemia, and increased inflammatory tone [43]. The stimulatory
effects of hyperglycemia are enhanced by saturated fatty acids by engaging Toll-Like
Receptor 2 (TLR2) and TLR4 receptors to induce ROS production, NFκB activation, and
proinflammatory factor release in the adipose tissue and other tissues including leukocytes
of the innate immune system to contribute to systemic inflammation and exacerbation
of metabolic derangements as obesity and T2DM progress [43,44]. Consistent with our
earlier reports, Ad-feed intake increased circulating glucose, insulin, NEFA, TG, and IL-
1β concentrations. Surprisingly, however, peripheral heterophils and monocytes from
Ad-hens had consistently lower IL-1β secretion in culture. Reduced secretion of IL-1β in
the obese chicken model used here (i.e., Ad-hens) contrasts sharply with most reports in
models of mammalian obesity, T2DM, and cellular models of glucolipotoxocity [40,42–45].
We further validated the observations with cell culture studies that used leukocytes from
R-hens treated with glucose and/or palmitic acid within physiological levels [20] and
again observed a suppressed inflammatory response in these leukocytes, including other
functions such as respiratory burst in Ad-hens. Therefore, the innate immune cells ap-
parently contribute little to the well documented systemic elevation in proinflammatory
cytokines found in the adipose tissue, liver, heart, and ovary of the obese chicken model
used here [14,24,26].

The combination of LPS and palmitate led to a synergistic increase of cellular ceramide
in macrophages that augmented proinflammatory cytokine production of metabolic dis-
eases characterized by dyslipidemia [46]. In addition to inflammatory response, ceramide
and sphingomyelin metabolism play a critical role in modulating leukocyte functions
including chemotaxis, respiratory burst, phagocytosis, and apoptosis [47–51]. The present
results confirmed the development of glucolipotoxicity in the leukocytes of overfed chick-
ens, in which palmitate and glucose differentially altered leukocyte functions that could
subsequently be rescued by specific pharmacological inhibitors related to ceramide and/or
ROS production. Since TC treatment only partially rescued the functions altered by PA,
PA per se without activation of downstream metabolism via coenzyme A activation also
contributed to lipotoxic development, possibly by interacting with a TLR to activate down-
stream signaling [42–44]. Among the assessed leukocyte functions, TC, FB1, DPS, or nMPG
treatment rescued IL-β secretion suppressed by PA. Differential effects were observed for
phagocytosis and respiratory burst activities depending on the function and leukocyte
type. For example, PA treatment promoted respiratory burst in monocytes, whereas it sup-
pressed this function in heterophils. The differential effects by PA alone or in combination
with the specific inhibitors suggest an intrinsic difference in PA metabolism in TG storage,
β-oxidation, and ceramide/sphingomyelin synthesis, by which heterophils apparently
are more susceptible to lipotoxicity than monocytes. The suggestion was confirmed by
differential ceramide and sphingomyelin contents of fresh heterophils and monocytes from
R- and Ad-hens [12].
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In innate immunity, vitamin D modulates both leukocyte and barrier cell functions to
combat with pathogen infection [52,53]. It enhances antimicrobial peptide production, TLR
expression and signaling, chemotaxis, and phagocytic activity. The anti-mycobacterial activ-
ity of 1α,25(OH)2D3 (1α,25 dihydroxycholecalciferol) is mediated by NADPH-dependent
oxidase of phagocytes through phosphatidylinositol 3-kinase signaling [52,53]. Vitamin D
also regulates the inflammatory states in the local microenvironments of infected sites by
upregulating MAP kinase signaling and IL-4 expression and suppressing NF-kB activation
and production of chemokines, proinflammatory cytokines and prostaglandin in both
infiltrated leukocytes and damaged cells to resolve the inflammatory responses [54–58].
Previously, we reported that dietary 25-OH-D3 supplementation improved cardiac health
and rescued the livability in breeder hens by ameliorating systemic hypoxia, hyperten-
sion, vascular remodeling, systemic and cardiac inflammation and fibrotic progression,
and thereby alleviating pathological remodeling and functional compromise [24–27]. The
present results further showed that supplemental 25-OH-D3 repressed IL-1β secretion and
respiratory burst of both heterophils and monocytes primarily in R-hens, but promoted
monocyte phagocytosis, chemotaxis, and bacterial killing activity in Ad-hens. The differen-
tial effects of 25-OH-D3 to rescue innate immune functions, particularly phagocytic activity,
were further confirmed in the in vitro model using R-hen leukocytes in response to glucose
and/or palmitic acid within physiological levels.

5. Conclusions

No predominant changes between R-hens vs. Ad-hens on leukocyte functions against
pathogens in vitro were observed in broiler breeder hens despite some differences in
inflammatory and respiratory burst response. Overall, supplemental 25-OH-D3 had more
pronounced effects on the innate immunity of Ad-hens. In vitro studies showed detrimental
effects of glucose and/or palmitic acid exposure on leukocyte functionality in a cell type-
and function-dependent manner and further confirmed the differential effects of 25-OH-D3
to rescue the alterations of innate immune functions due to glucolipotoxicity.
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